INTRODUCTION
============

Biomineralization is a process in which inorganic elements are selectively deposited on specific organic macromolecules under the precise control of organisms to produce biological minerals. On the basis of the inorganic species present, biomineralization may be divided into biocalcification and biosilicification, in which collagen is used as a universal template ([@R1]). More than half of the biominerals in nature are calcium-containing minerals, such as calcium phosphate (CaP) and octacalcium phosphate. CaP-containing biominerals constitute the hard connective tissues of vertebrates, whereas calcium carbonate forms the skeleton of invertebrates. Because the concept of biocalcification has been gradually replaced by biomineralization, we used the term "mineralization" in this work to refer to the deposition of CaP within an organic template. The use of collagen fibrils as mineralization templates is appealing because the nanoscopical channels present within these fibrillar structures enable ordered deposition of mineral platelets to produce nanoengineered hybrid materials with combined strength and resilience ([@R2]). Intrafibrillar mineralization cannot be achieved by simply immersing collagen matrices in a supersaturated solution of mineral ions and requires the use of nucleation inhibitors to stabilize the ion association complexes and prevent them from crystallizing outside the fibrils ([@R3]). Over the last decade, different in vitro models have been proposed for understanding the mechanisms of intrafibrillar mineralization ([@R4]). These models capitalize on the classical ion cluster--based and the nonclassical particle-based crystallization pathways for explaining how mineralization precursors infiltrate the intrafibrillar water compartments of collagen fibrils ([@R5]). Models based on the classical theory of crystallization include electrostatic attraction of ion clusters along the e-band of collagen fibrils ([@R6]), prevention of nucleation inhibitors from entering the collagen fibrils based on their size exclusion characteristics ([@R7]), and precipitation of intrafibrillar mineral platelets from ion clusters during self-assembly of the collagen fibrils ([@R8]). Models based on the nonclassical theory of crystallization include capillary imbibition of polymer-stabilized, liquid amorphous mineralization precursors ([@R9]); electrostatic attraction of negatively charged prenucleation clusters to the positively charged a-band of collagen fibrils ([@R10]); and simultaneous establishment of osmotic equilibrium and electroneutrality along the surface of collagen fibrils with semipermeable characteristics ([@R11]). In all these models, the inhibitors for delaying crystal nucleation are incorporated in the mineralization medium and are not bound to the collagen fibrils. Such a scenario does not represent what occurs in biological systems.

It is known that macromolecules present in the extracellular matrix have to bind to collagen fibrils for optimal functioning. Protein ligands such as integrins, kinases, fibronectin, and matrix metalloproteinases have three-dimensional (3D) configurations within which discrete collagen-binding domains are present for binding to collagen ([@R12]). Matrix proteins involved in biomineralization are no exception; even before the advent of various in vitro intrafibrillar mineralization models, specific collagen binding sites have been reported in noncollagenous proteins ([@R13]). Osteocalcin, one of the most abundant noncollagenous proteins in bone, has been detected in both the gap zone and the overlap zone of collagen fibrils and appear as single spheres or pearl necklace--like strings ([@R14], [@R15]). Guanidine and collagenase extraction studies demonstrated that matrix phosphoproteins bind to collagen via ion association or covalent bonding ([@R16]). Collagen secreted by fibroblasts does not mineralize in the presence of mineralization precursors except for areas with ectopic calcification ([@R17]); matrix phosphoproteins are also involved in ectopic mineralization of vascular tissues ([@R18]). Mineral induction with collagen-bound matrix phosphoproteins is different from what is achieved using bare collagen alone ([@R19]). Contemporary in vitro mineralization models are incapable of explaining why site specificity exists in different parts of the turkey leg tendon where some parts are never mineralized ([@R20]). These unexplained issues are examples of the knowledge gap that exists in how intrafibrillar mineralization is affected by collagen-bound nucleation inhibitors. Accordingly, the present work attempts to identify the contribution of collagen-ligand interaction to intrafibrillar mineralization and to examine whether some of the contemporary models of collagen intrafibrillar mineralization are adept at elucidating what occurs when nucleation inhibitors are bound to collagen.

Difficulty in extraction and the complicated function of physiological noncollagenous proteins limit their utilization in biomimetic mineralization. Because anionic polyelectrolytes are capable of mimicking the highly anionic, intrinsically disordered protein confirmation, high charged amino acid content, and high sequence redundancy properties that are found in noncollagenous proteins, the authors resorted to using polyelectrolytes as nucleation inhibitors for binding to matrix protein--free reconstituted collagen as models for intrafibrillar mineralization. Molecular dynamics simulation shows that a polyelectrolyte such as polyacrylic acid (PAA) is capable of caching calcium and hydrogen phosphate ion complexes into chain-like aggregates along the surface of the macromolecule when it is introduced into a supersaturated CaP mineralization medium (fig. S2). On the basis of the results of the molecular dynamics simulation, we developed a testing hypothesis that a polyelectrolyte nucleation inhibitor that is bound exclusively to the surface of collagen fibrils is capable of stabilizing CaP mineralization precursors in the vicinity of the fibrils, as well as concentrating the precursors for more efficacious intrafibrillar mineralization. We tested this hypothesis by comparison with controls in which an unbound version of the same polyelectrolytes was incorporated in the mineralization medium used for stabilizing amorphous CaP precursors.

RESULTS AND DISCUSSION
======================

Development and characterization of nucleation inhibitor--bound collagen model
------------------------------------------------------------------------------

A high--molecular weight PAA (HPAA; 450 kDa) was used to simulate osteopontin, a phosphoprotein with molecular mass larger than 40 kDa ([@R21]), which, according to the size exclusion theory ([@R7]), is localized exclusively on the surface of collagen fibrils. A low--molecular weight PAA (LPAA; 2 kDa) was used to simulate osteocalcin, a phosphoprotein with molecular mass smaller than 6 kDa ([@R22]), which, because of its small molecular mass, can access all water compartments within a collagen fibril. These polyanionic electrolytes were chemically cross-linked to reconstituted type I collagen fibrils or sponges using carbodiimide and *N*-hydroxysulfosuccinimide. When examined by Fourier transform infrared spectroscopy (FTIR), nucleation inhibitor--bound collagen had augmented amide I, II, and III peaks compared with bare collagen ([Fig. 1A](#F1){ref-type="fig"}), which were attributed to increases in amide linkages after cross-linking ([@R23]). Collagen matrices with bound PAA demonstrated marked increases in negative surface ζ potential ([Fig. 1B](#F1){ref-type="fig"}) and carboxyl groups ([Fig. 1C](#F1){ref-type="fig"}). Decreases in amine groups ([Fig. 1D](#F1){ref-type="fig"}) were caused by the formation of O═C\...N▬H linkages. Transmission electron microscopy (TEM) of reconstituted PAA-bound collagen (PAA-collagen) fibrils stained with ruthenium red, a cationic dye, showed that the bound PAA appeared as electron-dense filamentous aggregates on the fibril surface that obscured the banding patterns of bare collagen fibrils (fig. S3). We examined the binding/release characteristics of PAA-collagen sponges using high-performance liquid chromatography. Milli-Q water used for storing PAA-collagen sponges did not contain traceable amounts of polyelectrolyte after 1 month of immersion (fig. S4A). Likewise, we did not detect PAA after extraction with 4 M guanidine HCl (fig. S4B). By contrast, PAA was detected after the PAA-collagen sponges were treated with bacterial collagenase (0.1 mg/ml) (fig. S4C). The results indicate that PAA binds tightly to type I collagen via covalent cross-linking and that the ability of PAA-collagen to stabilize CaP solution in the vicinity of collagen fibrils is not caused by PAA dissociation. Dynamic light scattering indicated that PAA-collagen was capable of stabilizing CaP mineralization precursors within 5 days, without obsessive precipitation, to provide adequate amorphous mineral phases for intrafibrillar infiltration. Nevertheless, the mineralization media stabilized by collagen-bound PAA were not as stable as the CaP solutions that were stabilized by HPAA (fig. S5).

![Characterization of PAA-collagen.\
(**A**) Infrared spectra of PAA-collagen sponges. Spectra were normalized along the collagen amide A peak (\~3300 cm^−1^, NH stretch coupled with hydrogen bond). Peaks at \~1640, \~1545, and \~1240 cm^−1^ are assigned to the amide I (C═O stretch), amide II (NH bend coupled with CN stretch), and amide III (NH bend coupled with CN stretch) peaks of collagen, respectively. Peaks at \~2920 cm^−1^ are assigned to amide B (CH~2~ asymmetrical stretch) bands. Compared to the spectrum of bare collagen, the spectra of HPAA-bound collagen (HPAA-collagen) and LPAA-bound collagen (LPAA-collagen) sponges show increases in the amide B, I, II, and III peaks. (**B**) Solid surface ζ potential of HPAA-collagen, LPAA-collagen, and bare collagen. Cross-linking of PAA to the collagen molecule resulted in significantly lower ζ potentials of −17.17 ± 1.98 mV for HPAA-collagen, −15.19 ± 1.22 mV for LPAA-collagen, and −3.04 ± 0.37 mV for bare collagen (*P* \< 0.05 for all pairwise comparisons). (**C** and **D**) Comparison of carboxyl (C) and amine groups (D) between PAA-collagen and bare collagen. After anionic modification, the quantities of carboxyl group (in mM/g of collagen) in the HPAA-collagen (1.907 ± 0.084) and LPAA-collagen (1.807 ± 0.035) were significantly higher than that of the bare collagen (0.460 ± 0.017) because of the introduction of additional carboxyl groups to the collagen molecules (*P* \< 0.05). The quantities of amine group in the HPAA-collagen (0.033 ± 0.004) and LPAA-collagen (0.023 ± 0.002) were significantly lower than that of the bare collagen (0.132 ± 0.007) because of the conjugation of free amine groups with PAA via the O═C\...N▬H linkage (*P* \< 0.05).](aav9075-F1){#F1}

Intrafibrillar mineralization induced by nucleation inhibitor--bound collagen
-----------------------------------------------------------------------------

Formation of nucleation inhibitor--stabilized amorphous liquid droplets from CaP solution is an example of liquid-liquid phase separation that occurs in biological systems ([@R24]). CaP prenucleation clusters represent the smallest negatively charged, hydrated particulate entities ([@R25]) identifiable with cryogenic electron microscopy (cryo-EM) ([@R26]). Whereas the outcome of intrafibrillar mineralization is readily identifiable by conventional TEM, hydrated prenucleation clusters are modified after desiccation, and their involvement in the early stage of mineralization is unlikely to be accurately depicted. Hence, we used cryo-EM to identify how nucleation inhibitor--bound collagen influences the distribution of CaP mineralization precursors. When Au grids with holey carbon films were dipped into freshly prepared HPAA-stabilized CaP (HPAA-CaP) solution and vitrified, CaP prenucleation cluster singlets, in the form of discrete electron-dense spheres, and larger amorphous CaP droplets were randomly distributed within the frozen medium ([Fig. 2A](#F2){ref-type="fig"}). Control bare collagen fibrils immersed in HPAA-CaP solution (ζ potential: −19.9 ± 2.11 eV) for 1 hour before vitrification were not yet mineralized. Prenucleation cluster singlets did not appear to be concentrated along the fibril surface; the density of these species in the vicinity of the fibril was similar to what was observed in other parts of the frozen medium. Larger amorphous CaP droplets appeared to be attached to the surface of the fibrils ([Fig. 2B](#F2){ref-type="fig"}). Collagen fibrils cross-linked with HPAA and mineralized in unstabilized CaP solution (ζ potential: −0.88 ± 0.07 eV) for 1 to 72 hours showed assembly of chain-like prenucleation cluster aggregates on the surface of unmineralized, partially mineralized, and fully mineralized fibrils ([Fig. 2, C to G](#F2){ref-type="fig"}). Although prenucleation cluster singlets and amorphous CaP droplets were present, they did not appear to be closely associated with the collagen surface. Movies created from electron tomography of the different phases of intrafibrillar mineralization of HPAA-bound collagen (HPAA-collagen) sponges and the corresponding *Z* projections are shown in fig. S6 and movies S2 to S4. 3D renderings of the early-phase (accumulation of prenucleation cluster aggregates around unmineralized collagen fibril), mid-phase (partial intrafibrillar mineralization), and late-phase (heavy intrafibrillar mineralization) mineralization of HPAA-collagen fibrils are depicted in [Fig. 2 (H to J)](#F2){ref-type="fig"}.

![Cryo-EM of mineralization of bare collagen and HPAA-collagen fibrils.\
(**A**) Grid dipped in freshly prepared HPAA-CaP solution. Scale bar, 50 nm. Prenucleation clusters (open arrowheads) and amorphous calcium phosphate (ACP) droplets (pointers) were randomly distributed within the frozen medium. (**B**) Grid with bare collagen immersed in HPAA-CaP for 1 hour. Scale bar, 50 nm. Fibrils (open arrows) were not mineralized at this stage. (**C** to **G**) HPAA-collagen fibrils were mineralized in unstabilized CaP solution for 1 (C and D), 8 (E), 24 (F), and 72 hours (G). Arrows, prenucleation cluster aggregates; open arrowheads, prenucleation cluster singlets; asterisks, irregular ACP droplets. (C) Circular hole in carbon film (open arrows) shows the concentration of mineral precursors along the periphery of unstained collagen fibrils (arrows). Scale bar, 500 nm. (D) Prenucleation cluster aggregates along the fibril's surface (arrows) at 1 hour. Scale bar, 100 nm. (E) At 8 hours, fibrils (open arrows) were filled with a slightly more electron-dense material. Scale bar, 50 nm. Prenucleation cluster aggregates were seen in the fibril's vicinity, while singlets were predominantly located further away. (F) Upper montage of an incompletely mineralized collagen fibril at 24 hours. Scale bar, 100 nm. Bottom left: The intrafibrillar minerals depicted by the pointer \[similar to those in (E)\] probably represent intrafibrillar ACP that had not yet been transformed into crystalline CaP. Scale bar, 20 nm. Bottom right: Less mineralized part of the fibril with more potentially ACP phases (pointers). Scale bar, 20 nm. (G) Heavily mineralized fibril at 72 hours shows commencement of extrafibrillar mineralization (open arrow). Scale bar, 50 nm. (**H** to **J**) 3D rendering of the early (H), middle (I), and late (J) phases of intrafibrillar mineralization of HPAA-collagen showing accumulation of prenucleation cluster aggregates (yellow) along the fibril surface; intrafibrillar minerals are depicted in orange.](aav9075-F2){#F2}

Compared with HPAA, LPAA-bound collagen (LPAA-collagen) sponge--stabilized amorphous CaP phases did not induce intrafibrillar mineralization of reconstituted collagen fibrils (fig. S7). Hence, LPAA was not used for subsequent experiments. With an average molecular mass of 2 kDa, LPAA enters all the water compartments of a collagen fibril; binding of LPAA to collagen is likely to be both extrafibrillar and intrafibrillar in nature. Unlike HPAA that is too large to diffuse into the intrafibrillar milieu, binding of LPAA to collagen does not satisfy the requirement for balancing osmotic equilibrium and electroneutrality simultaneously across a semipermeable membrane ([@R11]). Hence, establishment of Donnan equilibrium as a prerequisite for intrafibrillar mineralization mechanism is also applicable for the infiltration of unstabilized CaP into HPAA-collagen.

Attachment of the negatively charged, unstabilized CaP precursors (ζ potential: −0.88 ± 0.07 eV) to HPAA-collagen (solid ζ potential: −17.17 ± 1.98 eV) cannot be explained by electrostatic attraction. Assembly of similarly charged prenucleation cluster singlets into chain-like aggregates, without the singlets repelling each other, appears to be counterintuitive on the basis of Coulombic interpretations. Nevertheless, similar paradoxical complexations have been reported between polyelectrolytes and proteins that bear net charges of the same sign. These complexations are justified by the existence of "charged patches" on the particulate surface that enables a polyelectrolyte to bind to oppositely heterogeneous charged regions of the particulate ([@R27]) or by proton fluctuations caused by perturbations of acid-base equilibrium that result in regulation of the charged groups ([@R28]). These interactions may have accounted for the ability of collagen-bound HPAA to stabilize multiple prenucleation cluster singlets along its surface-oriented polymer chain.

Molecular dynamics simulation of the mineralization process
-----------------------------------------------------------

We validated the ability of surface-oriented collagen-bound HPAA to cache CaP mineralization precursors for intrafibrillar mineralization via molecular dynamics simulation, using a full atomistic model of hydrated HPAA-collagen fibril complex. The collagen model was based on human FASTA protein sequence of the α1(I) and α2(I) chain components of tropocollagen ([@R29]). A single-unit model of collagen triple helical structures containing water molecules in the intrafibrillar regions is depicted in [Fig. 3 (A and B)](#F3){ref-type="fig"}. To investigate the effect of HPAA-collagen on ion transport from the extrafibrillar into the intrafibrillar milieu, we constructed an HPAA-collagen model by binding HPAA molecules to Lys^1099^ (1099th amino acid lysine from the N terminus) in the outmost layer of collagen microfibrils. An extended view of this model with multiple intrafibrillar and extrafibrillar units is shown in fig. S8, with the Ca^2+^, HPO~4~^2−^, Na^+^, and Cl^−^ ions at their ab initio states. A more detailed representation of a unit model with preestablished peripheral boundaries that was retrieved after 80 ns of simulation is illustrated in [Fig. 3 (C and D)](#F3){ref-type="fig"}. In this unit model, Ca^2+^ and HPO~4~^2−^ ions, as well as assembled CaP mineralization precursors, were formed around the collagen-bound HPAA. Some of these entities could also be identified within the intrafibrillar compartment; their presence may be ascribed to Donnan equilibrium generated by the HPAA polyelectrolyte in the extrafibrillar environment ([@R11]). To validate this issue, we performed molecular dynamics simulation of the changes in ionic concentrations in the intrafibrillar region at designated simulation time points. [Figure 3E](#F3){ref-type="fig"} reveals the distribution of Na^+^, Cl^−^, Ca^2+^, and HPO~4~^2−^ ions in the intrafibrillar and extrafibrillar regions along the axis boundary of the unit model. the decrease in the number of Na^+^ and Cl^−^ ions within the collagen microfibrils is indicative of migration of these ions into the extrafibrillar region to balance osmotic equilibrium and electroneutrality. Concomitantly, the number of Ca^2+^ and HPO~4~^2−^ ions in the intrafibrillar region increased with simulation time. Under the same ionic concentrations, the intrafibrillar infiltration of CaP precursors was comparatively sparser in the control, in which unbound HPAA was present in the vicinity of the collagen microfibrillar structures ([Fig. 3F](#F3){ref-type="fig"}). When the intrafibrillar distributions of Na^+^, Cl^−^, Ca^2+^, and HPO~4~^2−^ ions in the HPAA-collagen model and the bare collagen model were compared, more intrafibrillar Ca^2+^ and HPO~4~^2−^ were present in the former model ([Fig. 3G](#F3){ref-type="fig"}).

![Molecular dynamics simulations.\
(**A**) Profile of bare collagen microfibrillar structures with water molecules within the intrafibrillar spaces. Blue ribbons, collagen triple helices; red dots, water molecules. (**B**) Side view of bare collagen microfibrils. The blue lines describe the 67-nm-long simulation box; the dimensions of which are *a* = 24.2 nm, *b* = 2.83 nm, and *c* = 67.79 nm with α = 90°, β = 90°, and γ = 105.58°. (**C** and **D**) Movement of Ca^2+^ (yellow spheres), HPO~4~^2−^ (red assemblies), and assembled CaP mineralization precursors (yellow-red assemblies) across the collagen microfibrils with the HPAA (green chain) bound to the LYS1099 amino acids of the collagen molecules. Water molecules, Na^+^, and Cl^−^ ions are not shown for clearer viewing. (**E**) Top: Simulation of the movement of various ions across the HPAA-collagen microfibrillar structures at designated simulation times. Blue spheres, purple spheres, yellow spheres, red assembly, yellow-red assemblies, and green chain structure represent Na^+^ ions, Cl^−^ ions, Ca^2+^ ions, HPO~4~^2−^ ions, CaP mineralization precursors, and HPAA, respectively. Bottom: Dynamic changes in the number of Ca^2+^ (black line), HPO~4~^2−^ (red line), Na^+^ (green line), and Cl^−^ (blue line) in the intrafibrillar and extrafibrillar regions along the *a*-axis boundary at 0, 30, 50, and 70 ns. (**F**) Movement of Ca^2+^, HPO~4~^2−^, and assembled CaP mineralization precursors across the bare collagen microfibrils with unbound HPAA in the extrafibrillar region (control). (**G**) Comparison of the distribution of various ions within the intrafibrillar region in the collagen-bound HPAA and the unbound HPAA mineralization models. (**H**) Comparison of root mean square deviation of collagen molecules in the collagen-bound HPAA and the unbound HPAA models. (**I**) Comparison of solvent-accessible surface area (SASA) of the collagen molecules between the two models.](aav9075-F3){#F3}

We examined structural variations of the collagen molecules to identify changes in the intrafibrillar environment as a result of the establishment of Donnan equilibrium. The root mean square deviations of the collagen backbones increased with simulation time in both the HPAA-collagen and the bare collagen systems ([Fig. 3H](#F3){ref-type="fig"}). This observation infers contraction of the collagen molecules for both systems to generate the osmotically driven intrafibrillar stresses for infiltration of CaP precursors ([@R30]). In the HPAA-collagen model, the solvent-accessible surface area (SASA) of the collagen molecules decreased from 607,141.43 to 602,944.08 Å (0.69%) over a period of 80 ns ([Fig. 3I](#F3){ref-type="fig"}). By contrast, the SASA of collagen molecules in the unbound HPAA model decreased from 602,611.13 to 599,438.37 Å (0.53%). These results are attributed to diffusion of ions and water molecules out of the intrafibrillar water compartments into the extrafibrillar region as the free and loosely bound water is replaced by minerals.

Comparison between the collagen mineralized with two different schemes
----------------------------------------------------------------------

Ultrastructural examination is incapable of truly discerning the differences in the quality of intrafibrillar mineralization achieved by bare collagen mineralized in HPAA-CaP and HPAA-collagen mineralized in unstabilized CaP. These issues are resolved by testing of mechanical properties using nanoindentation of single-collagen fibrils and compressive testing of collagen sponges. We examined the Young's moduli of unmineralized and mineralized collagen fibrils in the lengthwise and transverse directions using atomic force microscopy (AFM) operated in the bimodal amplitude--frequency modulation imaging mode. Representative amplitude and Young's modulus mappings of carbodiimide--cross-linked bare collagen before (BC) and after immersion in CaP (BC + CaP) or HPAA-CaP (BC + HPAA-CaP) and HPAA-collagen after immersion in unstabilized CaP solution (HPAA-Col + CaP) are shown in [Fig. 4](#F4){ref-type="fig"}, respectively. The lengthwise and transverse moduli of the four groups were, in ascending order, BC \< BC + CaP \< BC + HPAA-CaP \< HPAA-Col + CaP \[analysis of variance (ANOVA) and post hoc pairwise comparisons, *P* \< 0.05\]. The values are similar to previously reported values for unmineralized and mineralized fibrils obtained by nanoindentation methods ([@R31]). Before mineralization, bare collagen exhibited sinusoidal variations in its lengthwise Young's modulus that reflect differences in tropocollagen density ([@R32]) and differences in shrinkage that echo variations in free water between the gap and overlap regions along the fibril's longitudinal axis ([@R33]). Fluctuations in Young's modulus were irregular after the bare fibrils were immersed in unstabilized CaP because of the precipitation of extrafibrillar crystallites on the surface of fibrils with minimal intrafibrillar mineralization. In comparison, periodic variations were weak and low in amplitude in the two intrafibrillar-mineralized fibril groups because of the filling of the gap zones and microfibrillar spaces with apatite nanoplatelets, as well as progressive depletion of the compartmentalized free water during intrafibrillar mineralization ([@R34]). X-ray diffraction indicated that the minerals present in both types of mineralized sponges were apatite (fig. S9A). Fig. 4AFM of the 3D surface topography and modulus of elasticity (Young's modulus) mapping of representative air-dried, mineralized bare collagen and HPAA-collagen fibrils.(**A**) Bare collagen fibrils (BC) had a close-to-normal distribution of Young's modulus transversely across the fibril. A sinusoidal pattern of variation in Young's modulus was detected lengthwise along the fibril, corresponding to the periodic topographic variations along the fibril's longitudinal axis. (**B**) Bare collagen mineralized in CaP solution without nucleation inhibitor (BC + CaP). The transverse Young's modulus of the CaP group was similar to the BC group. Periodic variation in the lengthwise Young's modulus was not obvious, which may be attributed to the random deposition of extrafibrillar minerals on the fibril's surface. (**C**) Bare collagen mineralized with HPAA-CaP solution (BC + HPAA-CaP). After intrafibrillar mineralization, both the transverse and lengthwise Young's moduli of the collagen fibril were significantly increased. (**D**) HPAA-collagen mineralized with CaP solution without nucleation inhibitor (HPAA-Col + CaP). Features were similar to the BC + HPAA-CaP group. (**E**) Statistical analyses of the Young's modulus of collagen fibril in the lengthwise and transverse directions (*n* = 8). For each chart, pairwise comparisons of the differences among the four groups were all significantly different (*P* \< 0.05). Schematic in the background depicts how mapping of a collagen fibril was performed using an AFM tip.

Because of their 3D nature, collagen sponges have characterization opportunities not achievable using single-layer collagen. The results of thermogravimetric analysis showed that HPAA-collagen mineralized in CaP solution for 7 days yielded higher mineral content (77.03%) than that of the bare collagen mineralized in HPAA-CaP solution (66.07%) (fig. S9B). This may be attributed to the more consistent intrafibrillar mineralization of the center of the leaflets in the HPAA-Col + CaP group ([Fig. 5, A and B](#F5){ref-type="fig"}). We monitored the progress of mineralization in the two types of mineralized sponges with dynamic FTIR over 7 days ([Fig. 5, C and E](#F5){ref-type="fig"}, and fig. S9C). Analysis of the apatite/collagen ratio in those spectroscopical profiles indicated that HPAA-collagen sponges were more heavily mineralized at any time point over the entire period ([Fig. 5D](#F5){ref-type="fig"}). Stress-strain responses performed by uniaxial compression testing of the two types of mineralized sponges indicated that the tangent moduli of the two mineralized matrices were not significantly different at 0 to 5% strain (Student's *t* test, *P* \> 0.05; [Fig. 5, F and G](#F5){ref-type="fig"}); below the proportional limit, the tangent modulus is equivalent to the Young's modulus. However, the modulus of toughness, which represents the energy per unit volume that a material can absorb before rupturing, was more consistent and significantly higher for the HPAA-collagen sponges (Student's *t* test, *P* \< 0.05; [Fig. 5, F and G](#F5){ref-type="fig"}). Such a feature, which accounts for the increased resilience and high work of fracture of biomineralized collagen-based tissues ([@R35]), may be attributed to the cross-linking of HPAA, which acts as cohesive/adhesive "binders" for the collagen/mineral composite hybrid. Similar to cross-linked osteopontin found in the bone ([@R36]), the bound HPAA may provide a binding layer between the intrafibrillarly mineralized collagen and the extrafibrillar minerals, which enhances interfacial adhesion and the fracture toughness of the material.

![Characterization of mineralized HPAA-collagen sponges and bare collagen sponges.\
(**A**) TEM of mineralized HPAA-collagen sponges. Left: Dense mineralization in collagen leaflets cross-linked with HPAA and immersed in CaP solution for 7 days (left inset, middle row). Scale bar, 500 nm. Right: Collagen fibrils within leaflet were filled with apatite crystallites oriented along the longitudinal axis of the fibril (between open arrows). Scale bar, 200 nm. (**B**) TEM of mineralized bare collagen sponges. Left: Heavily mineralized collagen leaflet after immersion in HPAA-CaP solution for 7 days. Nevertheless, the central part of the leaflet was not mineralized (asterisk). Scale bar, 2 μm. Right: Intrafibrillar apatite crystallites arranged along the longitudinal axis of the fibrils. Scale bar, 50 nm. (**C**) Dynamic attenuated total reflection (ATR)--FTIR shows progressive mineralization of an HPAA-collagen sponge at 12-hour intervals over a 7-day period. Spectra were normalized along the collagen amide I peak (\~1640 cm^−1^). (**D**) Changes in apatite υ~3~PO~4~/collagen amide I ratio of mineralized anionic collagen sponges and unmodified collagen sponges. Compared to bare collagen sponges mineralized in HPAA-CaP solution, HPAA-collagen sponges mineralized in CaP solution demonstrated increases in both the mineralization rate (slope of curves) and extent of mineralization. (**E**) Dynamic ATR-FTIR shows the progress of mineralization of a bare collagen sponge in HPAA-CaP solution. (**F**) Stress-strain response of mineralized HPAA-collagen sponges for determining tangent modulus and modulus of toughness (right inset, middle row). (**G**) Stress-strain response of mineralized bare collagen sponges.](aav9075-F5){#F5}

The cross-linked HPAA is likely to be retained on the collagen matrices after mineralization. The biocompatibility of the HPAA--cross-linked collagen is important from a materials science perspective. These matrices should not hamper the survival and proliferation of stem cells recruited for bone regeneration. Mitochondrial dehydrogenase and apoptosis assays performed on human mesenchymal stem cells indicate no significant difference between unmineralized HPAA-collagen and bare collagen sponges (fig. S10). PAA has also been shown to be biocompatible to human osteoblast--like cells when used as coatings for surgical implants ([@R37]). Because synthetic nucleation inhibitors cannot be replenished in a surgical site to stabilize mineralization precursors, the use of the polyelectrolyte--cross-linked collagen matrices may be a better alternative to bare collagen matrices for tissue-engineering applications.

CONCLUSIONS
===========

The present model of intrafibrillar mineralization enhancement by collagen-ligand interaction provides strong support for future investigations on site-specific intrafibrillar mineralization mechanisms using, for example, enzymatic cross-linking of osteopontin to collagen ([@R38]). Because collagen matrices that do not mineralize naturally may be induced to mineralize using nucleation inhibitor--stabilized CaP precursors ([@R9], [@R10]), previously reported mineralization mechanisms that use unbound nucleation inhibitors do not provide the cue for heterogeneously mineralized tissues such as tendon ossification in the avian hind limb. Matrix phosphoproteins were identified in the mineralizable part of the turkey leg tendon and increased in concentration as mineralization proceeded. In contrast, the concentrations of those proteins were minimal or absent in areas of the tendon that did not calcify ([@R39]). The present model of collagen-ligand interaction also sheds light on the potential causes of ectopic mineralization in the skin, joints, heart valves, and blood vessels as the currently proposed balance between procalcific and anticalcific factors remains to be proven ([@R17], [@R40]). From a materials science perspective, the enhancement of intrafibrillar mineralization by collagen-ligand interaction produces a more consistent infiltration of minerals within bulk collagen matrices, with better mechanical properties and potential flaw reduction to increase fatigue resistance of the mineralized collagen matrix.

MATERIALS AND METHODS
=====================

Development and characterization of nucleation inhibitor--bound collagen model
------------------------------------------------------------------------------

PAA \[450 kDa (HPAA) and 2 kDa (LPAA)\] was covalently bound to collagen fibrils via 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)/*N*-hydroxysulfosuccinimide sodium salt (sulfo-NHS) cross-linking. Briefly, 125 mg of HPAA or LPAA was dissolved in 25 ml of 0.1 M MES buffer (pH 6.0) and mixed with 10 mg of EDC and 27.5 mg of sulpho-NHS for 15 min for NHS-ester activation. The pH of the mixture was increased to 7.3 using concentrated phosphate-buffered saline \[0.1 M sodium phosphate and 0.15 M NaCl (pH 7.2 to 7.5)\]. Collagen sponges (bovine type I collagen, ACE Surgical Supply Co. Inc., Brockton, MA, USA) or TEM grids containing a single layer of reconstituted collagen on their surfaces were incubated with the solution for 30 min at room temperature. The collagen was washed six times with Milli-Q water (18.2 megaohms) for 10 min, lyophilized, and used as the nucleation inhibitor--bound collagen model. For the bare collagen control, the cross-linking of the collagen was performed using EDC/sulfo-NHS only, without PAA. The PAA-collagen was then characterized with a series of chemo/physio-analytical methods (Supplementary Materials and Methods).

Mineralization of the nucleation inhibitor--bound collagen
----------------------------------------------------------

### Preparation of the mineralization medium

CaP mineralization medium was prepared by mixing 50 ml of 9 mM CaCl~2~·2H~2~O with an equal volume of 4.2 mM K~2~HPO~4~. To maintain the pH of the mineralization solutions at 7.4, the two solutions were prepared using 10 mM Hepes buffer with 150 mM NaCl. For the preparation of nucleation inhibitor--stabilized CaP solutions (HPAA-CaP), HPAA was added to the supersaturated CaP mineralization medium at a concentration of 50 μg/ml. The particle size distribution, ζ potential, and ultrastructure of the particles in the mineralization medium were then examined.

### Cryo-EM electron tomography

A single layer of collagen was reconstituted on QUANTIFOIL Jena R 2/2 gold grids (holey carbon support film with 2-μm holes) and cross-linked with EDC/sulfo-NHS only (control) or with HPAA, using EDC/sulfo-NHS as the cross-linking agent. Control grids with bare collagen were incubated in HPAA-CaP, while grids containing HPAA-collagen were incubated in unstabilized CaP solution for 1 to 72 hours. After retrieving from the mineralization solutions, the grids were vitrified without previous staining and examined with the Talos F200C microscope (Supplementary Materials and Methods).

For electron tomography, grids of interest were imaged by tilting the grid in 2° steps from approximately 60° to −60°. The total electron dosage for the entire tilt series was estimated at \~100 *e*/Å^2^ per tilt series. Tomograms were reconstructed using the weighted back-projection method. Segmentation and visualization of the 3D volume were performed using Amira 5.3.3 (Visage Imaging Inc., Andover, MA, USA) and MATLAB R2014a and 3D Volume Visualization package 1.1 (MathWorks Inc., Natick, MA, USA).

Molecular dynamics simulation of the mineralization process
-----------------------------------------------------------

Full atomistic molecular dynamics simulation of a high-resolution HPAA-collagen structure was constructed to investigate the effect of the presence of large polyelectrolyte molecules along the surface of collagen fibril on the movement and infiltration of ions (Supplementary Materials and Methods).

Comparison between the collagen mineralized with two different schemes
----------------------------------------------------------------------

The HPAA-collagen mineralized in CaP solution and the bare collagen mineralized in HPAA-CaP solution were examined with TEM, powder x-ray diffraction, and thermogravimetric analysis. The mechanical properties of the mineralized collagen were examined with AFM and compressive stress-strain test. The kinetics of the mineralization processes were characterized with dynamic attenuated total reflection--FTIR (Supplementary Materials and Methods).

Cellular responses of human mesenchymal stem cells (Texas A&M Health Science Center, Institute for Regenerative Medicine, College Station, TX, USA) to bare collagen sponges and HPAA-collagen sponges were evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and flow cytometry (Supplementary Materials and Methods).

Statistical analyses
--------------------

Parametric statistical methods were used after validating the normality and homoscedasticity assumptions of the corresponding datasets. If either of those assumptions was violated, then the data were nonlinearly transformed to satisfy those assumptions before the use of parametric analytical methods. One-factor ANOVA and Holm-Šídák pairwise comparison procedures were used to compare the ζ potential, carboxylic groups, and amine groups among bare collagen, LPAA-collagen, and HPAA-collagen. The same procedures were used to separately compare the lengthwise Young's modulus and transverse Young's modulus of the four groups in the AFM test. Separate Student's *t* tests were used to compare the tangent modulus and the modulus of toughness of the two intrafibrillarly mineralized collagen sponges in the compressive stress-strain test. The same procedures were used to evaluate the effect of materials on the cell viability of the human mesenchymal stem cells. For all analyses, statistical significance was preset at α = 0.05.
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Fig. S1. Schematic diagram of conjugation of polyanions to bonding of collagen fibrils.

Fig. S2. Snapshot of the simulation of the Ca^2+^, HPO~4~^2−^, and PAA system.

Fig. S3. Conventional TEM of ruthenium red and uranyl acetate stained collagen fibrils.

Fig. S4. High performance liquid chromatography of HPAA-collagen in various extraction media.

Fig. S5. Particle size distribution of the mineralizing solution.

Fig. S6. Representative TEM images of different mineralization phase of HPAA-collagen.

Fig. S7. Conventional TEM examination of LPAA-collagen mineralized with CaP.

Fig. S8. Molecular dynamics simulation of several collagen fibrillar strctures containing bound HPAA molecules.

Fig. S9. Characterization of mineralized collagen fibrils.

Fig. S10. Biocompatibility evaluation of bare collagen sponges versus HPAA-collagen sponges.

Movie S1. Molecular dynamics simulation of aggregation of Ca^2+^ and HPO~4~^2−^ in the presence of PAA.

Movie S2. Early phase of intrafibrillar mineralization of HPAA-collagen.

Movie S3. Middle phase of intrafibrillar mineralization of HPAA-collagen.

Movie S4. Late phase of intrafibrillar mineralization of HPAA-collagen.
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